Surface-modified carboxylated nanometre-sized diamond (cND) has been applied for the conjugation of biological molecules such as DNA and protein.
Introduction
Carbon derivative nanoparticles including carbon nanotubes, carbon nanofibres, fullerenes (C 60 ) and nanodiamonds, have been evaluated for bio-application because of their excellent electronic and chemical properties [1] [2] [3] . The nanodiamond surfaces provide a unique platform for bio-conjugation after chemical modifications [2, 3] . Modification on the surface of nanodiamond by carboxylation (carboxylated nanodiamond, cND) exhibits high affinity for proteins [4] . It has been reported that the modified surface of nanodiamonds can be conjugated with bio-molecules such as DNA [3, 5] , cytochrome c [6] and antigen [7] .
Development of nanoparticles conjugated with biological molecules for biomedical application has been intensively investigated in recent years [8, 9] . The advanced techniques of imaging and manipulation in vivo with nanoprobes such as quantum dots (qdots) [10, 11] and gold nanoparticles [12] have been studied in several reports. Nanoparticles are potentially used as novel probes for both diagnostic and therapeutic applications [8, 9, 11] . A variety of particle sizes and compositions of qdots display different fluorescence colours that are stable and suitable for bio-labelling and -detection [8] . For example, the ZnS-capped CdSe qdots coated with a lung-targeting peptide can be accumulated in the lungs of mice after vascular injection [8] . Moreover, the specific peptide-or antibody-conjugated qdots can target tumours of mice [8, 13] . However, the existence of heavy metals in qdots such as cadmium, a well-established human toxicant and carcinogen, poses potential danger for further medical application.
As the use of nanomaterials for biomedical applications is increasing, environmental pollution and toxicity have to be addressed. Unfortunately, few studies have investigated the toxicological and environmental effects of direct and indirect exposure to nanomaterials [14] . Determination of the potential human health effects from exposure to nanoparticles can be established by toxicity tests including in vitro (cellular and non-cellular) and in vivo (animal) assays [15, 16] . Recently, carbon nanomaterials showed quite different cytotoxicity [17] . The cytotoxic sequence order was found to be nanotubes > quartz > C 60 toward alveolar macrophage [17] . Accordingly, the development of a non-toxic and biocompatible nanomaterial is required.
In the present study, various sizes of cNDs were evaluated on the cytotoxicity in human lung cells. The 5 and 100 nm cND particles were accumulated on A549 lung epithelial cells and HFL-1 lung fibroblast; however, these cND particles did not induce cytotoxicity and apoptosis. Interestingly, both 5 and 100 nm cNDs display natural green fluorescence upon laser excitation in cells that can be detected by scanning confocal microscopy and flow cytometry. Recently, high energy treated nanodiamond was found to emit bright fluorescence and no photobleaching was detected [18] . The biocompatible and detectable properties of cND nanoparticles are considered as a novel and relative safe nanomaterial for further biomedical applications.
Experimental details

Chemicals and reagents
The powder of nanodiamonds (NDs) with an average 5 nm diameter was from Toron (ultrFine Diamond, Russia). The 100 nm ND powder was from General Electric Company (GE, USA). The powders of 10-50 nm and 100-200 nm carbon nanotubes (CNTs) were from Yonyu Applied Technology Material Corporation (Tainan, Taiwan). Hoechst 33258, 3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT), sodium arsenite (NaAsO 2 ), and the Cy3-labeled mouse anti-β-tubulin (c-4585) were purchased from Sigma Chemical Co. (St Louis, MO).
Preparation of cNDs and cCNTs
The standard procedure for cNDs preparation was used according to the previous study with some modification [6] . Briefly, 0.2 g powder of NDs or CNTs were added into 15 ml acid mixture of H 2 SO 4 :HNO 3 (3:1) in an ultrasonic bath for 24 h, then in 0.1 M NaOH aqueous solution at 90
• C for 2 h, finally in 0.1 M HCl aqueous solution at 90
• C for 2 h. Thereafter, the treated nanodiamonds were washed with distilled water and then subjected to high speed centrifugation for several times to collect the sediment and dry. After drying, these particles were dissolved in distilled water. The solution of cNDs or carboxylated CNTs (cCNTs) will be sonicated for 20 min before treatment with cells.
Cell culture
The A549 lung epithelial cell line (ATCC number: CCL-185) was derived from the lung adenocarcinoma of a 58 year old Caucasian male. HFL-1 (ATCC number: CCL-153) is normal lung fibroblast that was derived from a Caucasian fetus. A549 cells were maintained in RPMI-1640 medium (Invitrogen Co., Carlsbad, CA). HFL-1 cells were cultured in DMEM medium (Invitrogen). The complete media were supplemented with 10% foetal bovine serum. These cells were cultured at 37
• C and 5% CO 2 in a humidified incubator (310/Thermo, Forma Scientific, Inc., Marietta, OH).
Cytotoxicity assay
The cells were plated in 96-well plates at a density of 1 × 10 4 cells/well for 16-20 h. Then the cells were treated with 0-100 μg ml −1 nanoparticles in complete medium. After treatment, the cells were washed twice with phosphatebuffered saline (PBS), and were re-cultured in complete medium for 2 d. Subsequently, the medium was replaced and the cells were incubated with 0.5 mg ml −1 of MTT in complete medium for 4 h. The surviving cells converted MTT to formazan that generates a blue-purple colour when dissolved in dimethylsulfoxide. The intensity was measured at 545 nm using a plate reader (Molecular Dynamics, OPTImax). The relative percentage of survival was calculated by dividing the absorbance of nanoparticle-treated cells by that of the untreated cells.
Apoptotic cell observation
To evaluate whether nanodiamond induced apoptosis, the adherent cells were cultured on a coverslip in a 60 mm Petri dish and then treated with cNDs. Sodium arsenite, a human carcinogen which induces apoptosis in various human cells, was used as a positive control in this study. After treatment with 100 nm cNDs (100 μg ml −1 for 48 h) or sodium arsenite (10 μM for 48 h), the cells were carefully and slightly washed with isotonic PBS (pH 7.4) and incubated with 4% paraformaldehyde solution in PBS for 1 h at 37
• C. The microtubule of the cytoskeleton was stained with anti-β-tubulin Cy3 (1:50) for 30 min at 37
• C. Then the nuclei were stained with 2.5 μg ml −1 Hoechst 33258 for 30 min at room temperature. The morphology of apoptosis was confirmed by observation of the nuclear condensation, fragmentation, cell membrane blebbing, cytoskeleton disruption, and formation of apoptotic bodies under phase contrast and fluorescence microscopes. 
Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) analysis
To analyse the protein expression profile after treatment with cNDs, the total cell extracts were collected as described [19] . Briefly, cells were lysed in the ice-cold cell extraction buffer (pH 7.6) containing the protease inhibitors (1 μg ml −1 aprotinin, 0.5 μg ml −1 leupeptin and 100 μg ml −1 4-(2-aminoethyl)benzenesulfonyl fluoride). The cell extracts were gently rotated at 4
• C for 30 min. After centrifugation, the pellets were discarded and supernatant protein concentrations were determined by the BCA protein assay kit (Pierce, Rockford, IL). Equal amounts of proteins (30 μg/well) were subjected to electrophoresis by 12% SDS-PAGE. After electrophoresis, the gel was stained with the coomassie blue buffer (0.1% coomassie blue, 10% acetic acid and 45% methanol) for 1 h.
Bio-atomic force microscopy (Bio-AFM)
To measure the size and distribution of cNDs, the 100 nm cND particles (50 μg ml −1 ) were dropped on a mica slice and were analysed by a bio-atomic force microscope (NanoWizard, JPK Instruments, Berlin). To further examine the interaction of cND and cell, A549 cells were plated at a density of 1 × 10 5 on a coverslip, which was kept in a 35 mm Petri dish for 16-20 h before treatment. After treatment with or without 100 μg ml −1 cNDs for 4 h, the cells were washed twice with isotonic PBS (pH 7.4) and fixed in 4% paraformaldehyde solution in PBS for 1 h at 37
• C. Finally, the fixed cells were imaged under Bio-AFM. Bio-AFM was mounted on an inverted microscope, TE-2000-U (Nikon, Japan). The silicon nitride non-sharpened cantilevers used had a nominal force constant of 0.06 N m −1 (DNP-20, Veeco). Imaging was performed using contact mode. Line scan rates varied from 0.5 to 2 Hz.
Flow cytometry
A549 cells were plated at a density of 7 × 10 5 cells per 60 mm Petri dish in complete medium for 16-20 h. Thereafter, the cells were treated with 0-100 μg ml −1 cNDs for 4 h. After cND treatment, the cells were washed twice with PBS and were re-cultured in complete medium for 2 days. At the end of incubation, the cells were collected and fixed with ice-cold 70% ethanol overnight at −20
• C. To avoid cell aggregation, the cell solutions were filtered through a nylon membrane (BD * ** Biosciences, San Jose, CA). Subsequently, the samples were analysed by flow cytometer (BD Biosciences). A minimum of ten thousand cells were analysed. The fluorescence from the cNDs was excited at a wavelength 488 nm and the emission was collected in the green light signal range. The fluorescence intensity was quantified by CellQuest software (BD Biosciences).
Confocal microscopy
The cells were cultured on coverslips, which were kept in a 35 mm Petri dish for 16-20 h before treatment. After treatment with or without cNDs, the cells were washed with isotonic PBS (pH 7.4), and then were fixed with 4% paraformaldehyde solution in PBS for 1 h at 37
• C. Thereafter, the coverslips were washed three times with PBS and non-specific binding sites were blocked in PBS containing 10% FBS, 0.3% Triton X-100 for 1 h. The cytoskeleton of β-tubulin protein was stained with anti-β-tubulin Cy3 (1:50) for 30 min at 37
• C. Finally, the samples were examined under a Leica confocal laser scanning microscope (Mannheim, Germany) equipped with a UV laser (351/364 nm), an Ar laser (457/488/514 nm) and a HeNe laser (543/633 nm).
Statistical analysis
Data were analysed using Student's t test, and a p value of <0.05 was considered as statistically significant in the experiments.
Results
Low cytotoxicity and changeless protein expression of cND particles on human lung epithelial cell
The interaction of cNDs and cells was observed under a phase contrast microscope. A549 cells were incubated with 5 or 100 nm cNDs (0.1-100 μg ml −1 for 4 h) and then replaced fresh medium for re-cultured 48 h. The black spots of cND particles were accumulated on A549 cells via a concentration-dependent manner (figure 1). We found 5 and 100 nm cNDs retained on A549 lung cells after the recovery time (48 h) although cells were treated with cND for only 4 h. To further examine the cytotoxicity after treatment with cNDs, the cND-treated cells were Figure 5 . Observation of 100 nm cND interacted with cell by Bio-AFM. (A) The 100 nm cND particles were coated on the mica slice and were observed by Bio-AFM. The deflection image of Bio-AFM shows the contour of cNDs, and the 100 nm cND's particles displayed ∼100 nm diameter. (B) A549 cells were treated with or without 50 μg ml −1 100 nm cNDs for 4 h. After cell fixation, the cells were observed by Bio-AFM. The upper pictures indicated the cND-untreated cell. The lower pictures showed that the cell was treated with 100 nm cND. subjected to MTT assay. Treatment with 100 nm cNDs (0.1-100 μg ml −1 ) did not significantly induce cytotoxicity in the A549 lung epithelial cells ( figure 2(A) ). The size of 5 nm cNDs at 10-100 μg ml −1 slightly reduced cell viability; however, it is not statistically significant. Furthermore, the diameters of 10-50 nm or 100-200 nm of carboxylated carbon nanotubes (cCNTs) significantly decreased cell viability at 10-100 μg ml −1 ( figure 2(A) ). We have further compared the cytotoxicity of uncarboxylated ND and CNT in A549 cells. Consistently, both 5 and 100 nm NDs did not induce cell death in A549 cells ( figure 2(B) ), but the CNT particles decreased by approximately 30%-40% cell death at treatment with 10-100 μg ml −1 ( figure 2(B) ). Besides, we analysed the cell viability in HFL-1 cells after treatment with ND and CNT. The HFL-1 cell population was reduced after treatment with 100-200 nm CNT (100 μg ml −1 for 48 h) under the observation of a phase contrast microscope (figure 2(C), lower pictures). The ND particles were accumulated on HFL-1 cells by 10-100 μg ml −1 for 48 h but did not alter the cell number ( figure 2(C), upper pictures) . The MTT assays also confirmed that 100 nm ND (0.1-100 μg ml −1 for 48 h) did not reduce the cell viability ( figure 2(D) ); in contrast, CNT (1-100 μg ml −1 for 48 h) induced cytotoxicity in HFL-1 cells ( figure 2(E) ).
To examine whether cNDs affect the apoptosis, A549 cells were treated with 100 nm cND (100 μg ml −1 for 48 h) and subjected to cytoskeleton and nuclear staining. The red fluorescence intensity exhibited by microtubule proteins of the cytoskeleton, and the blue colour indicated nuclei by staining with Hoechst 33258 (figure 3). Sodium arsenite, a wellknown apoptotic inducer, was used as a positive control in this study. Treatment with sodium arsenite (10 μM for 48 h) markedly induced the nuclear condensation and cytoskeleton disruption ( figure 3, arrows) . The formation of apoptotic nuclear fragments and bodies was induced by sodium arsenite ( figure 3, stars) . Comparing with untreated cells, 100 nm cND (100 μg ml −1 for 48 h) did not alter the morphology of cytoskeleton and nuclei in A549 cells (figure 3, left and middle pictures). Subsequently, the effect of cNDs on the protein expression in A549 cells was analysed by SDS-PAGE assay. The protein expression profile on SDS-PAGE was not markedly altered following treatment with 5 and 100 nm cNDs (figure 4).
Detection of cNDs on human lung epithelial cell by Bio-AFM
To visualize the interaction of cND and cell, A549 cells were treated with 100 nm cNDs and analysed by Bio-AFM. As shown in figure 5(A) , the deflection image of Bio-AFM showed clearly the contour of cNDs with a diameter of ∼100 nm. The deflection image of the untreated A549 cell revealed the cell size was ∼60 μm in diameter. The middle Figure 7 . Z -axis scanning image of cNDs in a living A549 cell by laser scanning confocal microscope. A living A549 cell from treatment with 100 nm cND (100 μg ml −1 for 4 h) was captured in the images by using confocal microscopy. The green light signal from the cNDs was excited with 488 nm wavelength and the emission was collected in the range of 510-530 nm. The distribution of cNDs is inside of the cell when scanning the confocal microscope in vertical direction from bottom to top. The phase contrast images indicate the cell morphology.
protrusion ( figure 5(B) , upper pictures, left) and the highlight of high measured image ( figure 5(B) , upper pictures, right) indicated the nuclear location of the cell. The cell was clearly accumulated with cND particles after treatment with 50 μg ml −1 100 nm cNDs for 4 h ( figure 5(B) , lower pictures, left). The light spots of high measured image indicated the location of cND particles, which were concentrated on the cell ( figure 5(B) , lower pictures, right).
Detection of A549 cells with cNDs by laser scanning confocal microscope
To examine the fluorescence property of cNDs, they were examined under a confocal microscope.
The 5 and 100 nm cND particles exhibited green fluorescence on A549 cells at 510-530 nm (emission wavelength) after 488 nm (excitation wavelength) excitation (figures 6(A) and (B)). The cytoskeleton of β-tubulin protein was stained with the Cy3-labeled mouse anti-β-tubulin. The red fluorescence (Cy3) exhibited by β-tubulin that presented the cell morphology of A549 cells (figures 6(A) and (B)). Both 5 and 100 nm cND particles were detected on cells evidenced by the green fluorescence ( figures 6(A) and (B) ). Furthermore, we have examined the uptake ability of cNDs into cell. The Zaxis scanning images of cNDs in A549 cells were analysed by a laser scanning confocal microscope. The cross-section images of a living A549 cell after treatment with 100 nm cND (100 μg ml −1 for 4 h) were captured by confocal microscopy (figure 7). The green fluorescence from the cNDs was excited with 488 nm wavelength and the emission was collected in the range of 510-530 nm. These cNDs particles were ingested inside A549 cells by dissection of the Z axis from bottom to top (figure 7).
Detection of A549 cells with cNDs by flow cytometer
To quantify the fluorescence intensity of cNDs in cells, A549 cells were treated with cNDs and then were analysed by a flow cytometer. Treatment with 5 or 100 nm cNDs on A549 cells elevated the green fluorescence intensity via a concentration-dependent manner (figures 8(A) and (B)). The quantified fluorescence intensity was increased about 4-6 fold after treatment with 5 nm cNDs (50-100 μg ml −1 ) in A549 cells ( figure 8(C) ). The 100 nm cND-treated cells were increased 2-3 fold in fluorescence intensity than untreated cells ( figure 8(D) . The fluorescence intensity of 5 nm cNDs in A549 cells was relatively higher than 100 nm cNDs at equal concentration treatment (figures 8(C) and (D)).
Discussion
Detectable nanoparticles conjugated with biological molecules are useful for imaging and application [8, 9] . Qdots display various fluorescence colours that are stable and suitable for labelling and detection [10, 11] . The specific peptide-or antibody-conjugated qdots have been shown to recognize the tumours of mice [8, 13] . Aside from qdots, modification of the nanodiamond's surface by carboxylation has recently been used to conjugate bio-molecules including DNA and protein [3, 5, 6] . For any sensible practice, the toxicity of nanomaterials is a critical problem for biomedical applications. The existence of heavy metals in qdots such as cadmium (a well-known human carcinogen) poses a hazard for medical application. It has been shown that nanotubes display cytotoxicity in alveolar macrophage [17] . We found in this experiment that nanotubes induced cytotoxicity in human lung cells. However, treatment with 5 or 100 nm cNDs did not induce cell death and apoptosis although cND particles were retained on lung cells. Furthermore, cNDs did not alter the protein expression profile in these cells. Recently, it has been reported that the size range from 2 to 10 nm nanodiamonds was not toxic in neuroblastoma cells [20] . Nanodiamonds display little cytotoxicity on human kidney cells [18] . Accordingly, these results suggest that cNDs are biocompatible nanoparticles for further biomedical applications.
We also demonstrated that cNDs are detectable by flow cytometry, confocal microscopy and Bio-AFM. The green fluorescence light emitted in the range from 510 to 530 nm for both 5 and 100 nm cND particles and these light emissions can be detected by flow cytometry and confocal microscopy with 488 nm laser excitation in A549 cells. Indeed, a recent study has proved that nanodiamonds emitted green fluorescence by exciting with higher energy laser, due to the quantum confinement effect [21] , unlike the defects of the negatively charged nitrogen-vacancy centre (N -V ) − which may emit the extended red light [18] . Namely, the green fluorescence may not be from the impurity in the bulk structure of the singlecrystal diamond. The mechanism responsible for this green light emission has been proposed by taking into account the effect of surface states and large surface-to-volume ratio of nanoparticles [21] . This surface quantum effect mechanism may explain the reason that the fluorescence intensity of 5 nm cNDs was relative higher than 100 nm cNDs in these cells at equal concentration treatment, due to the higher surface-tovolume ratio of 5 nm cNDs. Nevertheless, we cannot exclude the possibility that the higher fluorescence intensity observed in 5 nm cNDs than in 100 nm cNDs is because of a higher uptake ability for the smaller cND sizes. Furthermore, the observed fluorescence was from the ND or cND that were not subjected to high-energy electron or proton treatments, i.e. the natural defects/impurities may provide fluorescence intensity strong enough for confocal microscopy or flow cytometry detection. The cNDs particles have been shown to exhibit high affinity for proteins through both hydrophilic and hydrophobic force interaction [4] . Therefore, the cND's fluorescence is suitable for further bio-applications (imaging and detection) after conjugation with specific bio-molecules.
We have examined the uptake ability of cNDs into cells by the Z -axis scanning images of cNDs in A549 cells under laser confocal microscope analysis. We clearly found that cNDs were located in the cytoplasma of lung cells. Both 5 and 100 nm cNDs were taken up into cells. The images of Bio-AFM also showed the lung cell accumulated cND particles. Importantly, we can quantify the fluorescence intensities of cNDs in the cells by flow cytometry. 5 or 100 nm cND particles elevated the green fluorescence via a concentration-dependent manner in lung cells. These data indicate that cNDs can be taken into the cells. It has been shown that carbon particles can be taken into cells by endocytosis [22] . Thus, we suggest that cNDs may interact with the proteins of the cell membrane for the uptake and accumulation in human lung cells; nevertheless, the existence of cNDs inside a cell does not induce cytotoxicity.
In conclusion, we have shown that cNDs can be easily detected by bio-AFM, confocal microscopy and flow cytometry. The biocompatible and detectable properties of cNDs are suitable for further biomedical applications including bio-labelling, imaging and drug delivery.
